Staphylococcus aureus sortase A (SrtA) transpeptidase is a therapeutically important membrane-bound enzyme in Gram-positive bacteria, which organizes the covalently attached cell surface proteins on the peptidoglycan cell wall of the organism. Here, we report the direct observation of the highly selective homo-dimerization of SrtA on the cell membrane. To address the biological significance of the dimerization towards enzyme function, site-directed mutagenesis was performed to generate a SrtA mutant, which exists as monomer on the cell membrane. We observed that the cell surface display of adhesive proteins in S. aureus cells expressing monomeric SrtA mutant is more prominent than the cells expressing the wild-type enzyme. A cell-based invasion assay was also performed to evaluate the activities of wild-type SrtA and its monomeric mutant as well. Our data demonstrated that S. aureus cells expressing SrtA in monomeric form invade host mammalian cells more efficiently than those expressing wildtype SrtA in dimer-monomer equilibrium. The results suggested that the monomeric form of SrtA is more active than the dimeric form of the enzyme in terms of cell surface display of virulence factors for infection. This is the first study to present the oligomerization of SrtA and its related biological function on the cell membrane. Study of SrtA dimerization has implications for understanding its catalytic mechanism at the cellular level as well as the development of novel anti-infective agents.
Introduction
Staphylococcus aureus (S. aureus) is the primary cause of hospital-acquired infections today. 1 The alarming prevalence of multidrug-resistant S. aureus (MRSA) strains over the past decade has made it imperative to identify novel and effective drugs to treat these infections. 2 Sortase A (SrtA) is commonly used in Gram-positive bacteria including S. aureus for displaying many cell surface proteins as virulence factors that are necessary for bacterial infections and formation of biofilms. [3] [4] [5] [6] SrtA mutants exhibit severe defects in virulence, which suggests that it is a good drug target for the development of new type of anti-infective agents. 7 S. aureus SrtA is a 206 amino acid membrane protein consisting of a N-terminal transmembrane domain, a linker region and an extra-cellular C-terminal catalytic domain. 8 SrtA is a cysteine transpeptidase, recognizing its first substrate with a LPXTG sequence (X can be any amino acid) 9 and subsequently cleaving between the T and G to form a thioester-linked acyl-enzyme intermediate. Next, the terminal amino group from the second substrate penta-glycine on the cell wall cross-bridge nucleophilically attacks the thioester intermediate to form a covalent linkage between the first substrate to peptidoglycan cell wall. 8, [10] [11] [12] NMR and X-ray crystallography structural data of the C-terminal catalytic domain of S. aureus SrtA have revealed that the enzyme folds into a unique eight-stranded b-barrel with several helices and loops. 13, 14 More than a dozen small molecule inhibitors targeting SrtA active site have been developed but not yet been proved with therapeutic efficacy in vivo. 7 Recently, it has been suggested that the biological function of sortase family proteins are regulated in vivo at different levels, such as transcription, 15 and sub-cellular localization. 16, 17 Therefore, a comprehensive understanding of SrtA mechanism is necessary for developing effective SrtA inhibitors that can function in vivo. Recent studies have demonstrated that the C-terminal catalytic domain of SrtA selectively forms a homo-dimer in vitro and in E. coli. [18] [19] [20] [21] Herein, we demonstrate that SrtA also forms homo-dimer on the membrane of S. aureus and such dimerization mediates SrtA's activities on the cell membrane, suggesting that the dimerization of SrtA is one of the mechanisms to globally coordinate the cell surface decoration on S. aureus.
Materials and methods
Construction of SrtA knockout S. aureus strain A SrtA knockout strain (srtA À ) served as the host for assays was generated by using the TargeTron TM Gene Knockout System (Sigma-Aldrich, St. Louis, MO). TargeTron TM Gene Knockout System uses site-specific group II intron insertions to permanently disrupt genes on the bacterial genomic DNA. 22 A web-based algorithm was used to locate an optimal intron insertion site between the 93rd and 94th nucleotide in SrtA. This gave a score of 7.55 and E-value as 0.152. The primers designated as IBS (5 0 -AAAAAAGCTTAT AATTATCCTTACATATCGATAATGTGCGCCCAGATAG-GGTG-3 0 ), EBS1d (5 0 -CAGATTGTACAAATGTGGT GATAACAGATAAGTCGATAATTATAACTTACCTTTCT-TTGT-3 0 ), EBS2 (5 0 -TGAACGCAAGTTTCTAATTTC GGTTATATGTCGATAGAGGAAAGTGTCT-3 0 ) and EBS universal were used to perform the PCR reaction and amplify a 350 bp fragment from the template pNL9164. The amplified 350 bp fragment, which targets the intron to the SrtA sequence, was digested with Hind III and BsrG I (New England Biolabs, Beverly, MA) and inserted into pNL9164 to make pNL9164-srtA. The plasmid pNL9164-srtA was then transformed into S. aureus strain RN4220 (general gift from Dr. Alan Lambowitz). These cells were grown in tryptic soy broth (TSB) at 32 C for one hour and diluted at a ratio of 1:5 into fresh media containing 10 lg/mL erythromycin (Sigma, St. Louis, MO). Afterwards, the overnight cultures were diluted 1:100 into fresh media containing erythromycin and grown until an OD 595 of 0.5 was reached; 10 lM cadmium chloride hemi (pentahydrate) (Sigma, St. Louis, MO) was added to induce intron production for 90 min. The cells were then selected on tryptic soy agar (TSA) plates containing erythromycin. Colony PCR was performed using EBS2 as the forward primer and a SrtA gene sequence downstream of the insertion site, srtA-R (5 0 -TTTGACTTCTGTAGCTACAAAGATT-3 0 ), as the reverse primer. The colonies with a disrupted gene due to intron insertion had PCR products of 1.3 kb. The temperature sensitive plasmid was then eliminated from the cell by incubating the confirmed gene-disrupted mutant strain at 43 C in antibiotic-free media. As a result the generated strain contained a permanently disrupted SrtA gene.
Southern blot of srtA À genomic DNA Southern blot was performed to ensure that the intron insertion was unique to the SrtA gene. Restriction digestion enzymes Spe I, Nsi I, Nde I and Sph I (New England Biolabs, Beverly, MA) were used to fragment genomic DNA. Next, the sample was resolved by electrophoresis on a 0.8% agarose gel, and transferred onto a Hybond-N þ nylon membrane (Amersham Bioscience, Piscataway, NJ) by capillary transfer. DIG high prime DNA labeling and detection starter kit (Roche, Indianapolis, IN) was then used to label the probe DNA and detect the hybridization. DIG labeled intron sequence was PCR amplified using DIG-dUTP. Only one nucleic acids band of 2.5 kb was detected by DIG antibody, which confirms that the intron sequence was only inserted into the SrtA gene.
Construction of SrtA wild-type and mutant protein expression vectors
Primers designated as NcoI-SrtA-F (5 0 -CATGCCATGGG TCTATGGTTTGTGGTTCATAAG-3 0 ) and XhoI-SrtA-R (5 0 -CCGCTCGAGTTTGACTTCTGTAGCTACAAAGATT-3 0 ) were used to amplify the srtA sequence including its endogenous promoter from genomic DNA of S. aureus stain RN4220 by the polymerase chain reaction. The DNA fragments were then digested with Nco I and Xho I (New England Biolabs, Beverly, MA) and cloned into the pET28b expression vector (Novagen, La Jolla, CA) to generate the construct pET28-P-SrtA. Primers designated SphI-SrtA-F (5 0 -ACATGCATGCGTCTATGGTTTGTGGTTCATAAG-3 0 ) and
KpnI-P2T-R (5 0 -CGGGTACCTTACTTGTCGTCA TCGTCTTTGTAGTCGTGGTGGTGGTGGTGGTG-3 0 ) were used to copy SrtA sequence along with its N-terminus promoter and C-terminus FLAG tag. The DNA fragment was digested with Hind III and Kpn I (New England Biolabs, Beverly, MA) and cloned into the pNL9164 shuttle vector (Sigma-Aldrich, St. Louis, MO) 23, 24 to generate the construct pT-P-SrtA-His6-FLAG.
The following six primers designated as N132AF (5 0 -CCGAACTATCAATTTACAGCTCTTAAAGCAGCCA-AAAAA-3 0 ), N132AR (5 0 -TTTTTTGGCTGCTTTAAGAGCT GTAAATTGATAGTTCGG-3 0 ), K137AF (5 0 -CAAATCTT AAAGCAGCCGCAAAAGGTAGTATGGTGTAC-3 0 ), K137 AR (5 0 -GTACACCATACTACCTTTTGCGGCTGCTTTAA GATTTG-3 0 ), Y143AF (5 0 -GCCAAAAAAGGTAGTATG GTGGCCTTTAAAGTTGGTAATG-3 0 ) and Y143AR (5 0 -CATTACCAACTTTAATGGCCACCATACTACCTTTTTT-GGC-3 0 ) were obtained from Invitrogen to generate the mutations N132A, K137A and Y143A respectively. Sitedirected mutagenesis was performed as described in the Stratagene protocol 25 using pT-P-srtA-His6-FLAG as the template plasmid. Triple mutation mutant SrtA NKY was generated by three-step site-directed mutagenesis.
The SrtA ÁN59 expression vector was generated as previously described. 18 SrtA ÁN59, NKY was then generated using the same protocol and primers by using SrtA NKY expression vector as the template.
Expression and purification of SrtA proteins
The pT-P-srtA-His6-FLAG (wild-type or mutant) construct was transformed into S. aureus SrtA knockout strain srtA À . The pT-P-SrtA-His6-FLAG transformed cells were grown in 5 mL of Tryptic Soy Broth media supplemented with 10 lg/ mL erythromycin (Sigma, St. Louis, MO) at 32 C overnight. The cells were harvested and treated with 1 lg/mL lysostaphin (Sigma, St. Louis, MO) at room temperature for 1 h before lysed under native conditions using sonication. SrtA proteins were then purified from cell lysate using the QIAexpression kit according to the manufacturer's protocol (Qiagen, Valencia, CA). 26 The concentration of protein was determined using Bradford reagent (Pierce Biotechnology, Rockford, IL). In vitro expression and purification of SrtA ÁN59 and SrtA ÁN59, NKY was the same as previously described. 18 Chemical cross-linking in S. aureus S. aureus cells were cultured as described above. EDC (1-ethyl-3-[3-dimethylaminopropyl] carbodiimide hydrochloride, Sigma, St. Louis, MO) was added to the media to a final concentration of 0.7 mg/mL. Cells were harvested 60 minutes later and analyzed as described above by SDS-PAGE and Western blot.
Polyacrylamide gel electrophoresis and Western blot analysis
Proteins were analyzed on a 14% SDS polyacrylamide gel under denaturing conditions, and visualized by Coomassie Blue staining. For western blot analysis, proteins were first transferred onto a nitrocellulose membrane (Hybond-C Extra, Amersham Bioscience, Piscataway, NJ) in a Trisglycine buffered electrophoresis tank. The membranes were then probed with an anti-FLAG M2 primary antibody (Sigma, St. Louis, MO) or an anti-sortase A primary antibody (ab13959, Abcam Inc., MA) and a horseradish peroxidase-conjugated goat anti-mouse or goat anti-rabbit secondary antibody (Bio-Rad, Hercules, CA). The Western Blotting Detection Reagent (GE healthcare, UK) was applied to visualize the signals, which were detected by exposing the membrane to BioMax Light Film (Eastman Kodak Company, Rochester, NJ).
Protein in-gel digestion and peptide fingerprint mapping by MS
The proposed dimer and monomer bands of SrtA were sliced from an SDS-polyacrylamide gel and subjected to in-gel trypsin digestion. Proteins were then extracted from the gel and analyzed by MALDI-TOF mass spectrometry and peptide fingerprint mapping analyses in the Analytical Instrumentation Core Facility at the University of Texas at Austin.
Circular dichroism spectrum
All the measurements were repeated three times, and each data point was recorded in triplet. Circular dichroism (CD) studies were conducted on a Jasco J-810 spectropolarimeter (Jasco International Co., Ltd. Tokyo, Japan), equipped with a Jasco PFD-425S temperature control system as described earlier. 21 Briefly, SrtA ÁN59 wild-type and SrtA ÁN59, NKY were dialyzed into activity assay buffer (50 mMTris-Cl, 150 mMNaCl, 5 mM CaCl 2 , pH 7.5) and diluted to a concentration of 39 lM. The recorded spectra were analyzed using the Dichroweb server 27 to get an estimation of the composition of the secondary structures. The NRMSD parameter was used to evaluate the fitness of various methods. 28 An NRMSD value less of than 0.1 indicates that the predicted spectra and the experimental spectra are in close agreement. 29 Quantitative analysis of cell surface displayed SPA Overnight cultures of RN4220, srtA À , srtA À þsrtA, srtA À þsrtA NKY were inoculated 1:1000 in fresh TSB and grow till log phase (OD 600 ¼0.6). 3mL of each culture was collected by centrifuge at 13 Â 10 3 r/min for 10 min and washed with Dulbecco's Phosphate Buffered Saline (PBS; Sigma, St. Louis, MO). The cell pellet was then resuspended in blocking buffer (5 mg/mL BSA in PBS solution) for 10 minutes at room temperature. After blocking, the cell pellet was collected and incubated with labeling buffer, 1 mL IgG-cy3 (C2181, Sigma, St. Louis, MO) in 500 mL blocking buffer for 1 hour at room temperature in the dark. After three washes with blocking buffer, the cell pellet was re-suspended in PBS and analyzed on a FACSCalibur Flow Cytometer (Becton Dickinson, Franklin Lakes, NJ) by gating 10 Â 10 3 S. aureus cells per sample based on forward and side scatter. Cell-associated fluorescence was measured in fluorescence channel 2 (FL2-H) to detect Cy-3 fluorescence. Un-labelled RN4220 cells were used as an auto-fluorescence background control and a gate for fluorescence negative population. An estimate of the amount of SPA on cell surface was calculated by multiply the percentage of Cy-3-positive cells with the mean fluorescence intensity of the positive population to obtain the surface protein A (SPA) unit.
HEK293H cell culture
The human embryonic kidney cell line 293H (HEK293H; Invitrogen, Carlsbad, California) was grown in Dulbecco's Modified Eagle's Medium (DMEM; Sigma, St. Louis, MO)/ 10% Fetal Bovine Serum (FBS; Atlas Biologicals, Fort Collins, CO) at 37 C, 5% CO2 prior to plating. One day prior to invasion assays, 1.5 Â 10 6 cells were seeded in 6-well plates (Corning Incorporated, Corning, NY) yielding weakly confluent monolayers (3 Â 10 6 cells/well) at the time of invasion.
Labeling of S. aureus cells S. aureus cells (50 mL with OD 600 0.6) were washed three times with cold, sterile PBS to reduce aggregation, suspended in 10 mL 0.5 lM 5-(6)-carboxyfluoresceinsuccinimidylester (CFSE; Molecular Probes, Eugene, OR) in PBS, and incubated for 60 min in 37 C shaker. CFSElabeled bacteria were washed three times with PBS and protected from direct light exposure.
Invasion assays and flow cytometry
For invasion assays, 3 Â 10 6 HEK293H cells in 6 cm 2 culture dishes were mixed with the CFSE-labeled bacterial cells at a MOI of 20. The mixture was incubated in DMEM/10% FBS at 37 C for 60 min. Bacterial invasion was terminated by incubation with 300 lg/mL gentamicin (Sigma, St. Louis, MO) in DMEM/10% FBS for 30 min at 37 C to lyse the bacterial cells that fail to enter into the host mammalian cells. The infected mammalian cells were then washed three times with PBS and suspended by treating with trypsin-EDTA solution for 1 min (Sigma, St. Louis, MO). Suspended cells were then incubated with 1 ml fixing solution (paraformaldehyde solution 4% in PBS; USB Corporation, Cleveland, OH). Samples were kept on ice and dark until analysis. To eliminate signals from extracellular S. aureus, trypan blue solution (0.4%; Sigma, Taufkirchen, Germany) was added to a final concentration of 0.2% right before analysis. Samples were analyzed on a FACSCalibur Flow Cytometer by gating 10 Â 10 3 HEK293H cells per sample based on forward and side scatter. Cellassociated fluorescence was measured in fluorescence channel 1 (FL1-H) to detect CFSE fluorescence. An estimate of the amount of internalized bacteria was calculated by multiply the percentage of CFSE-positive cells with the mean fluorescence intensity of these cells to obtain the uptake index (u.i.).
Results
Expression of wild-type SrtA protein in S. aureus RN4220 and srtA knockout strain
We first analyzed the endogenous expression of full-length SrtA protein in S. aureus RN4220 by using denaturing sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) to separate the cell lysate. A western blot was carried out to probe SrtA with a commercial anti-SrtA polyclonal antibody as described previously. 30 Three bands were detected (supplement, Figure S1 ). The bottom protein band with molecular weight of 28 kDa had the size corresponding to the full-length SrtA monomer. Two additional bands with sizes about 50 kDa and 55 kDa cannot be attributed to SrtA protein, due to the poor selectivity of the antibody. To minimize the interference from non-specific bands, specific epitope tags fused to the C-terminal end of SrtA are necessary to monitor its distribution in S. aureus with high fidelity and facilitate its purification as well.
In order to achieve this, we generated a SrtA knockout strain, srtA À , from S. aureus strain RN4220 using TargeTron TM Gene Knockout System (Sigma-Aldrich) which allows for the permanent disruption of the srtA gene on bacterial genomic DNA through the insertion of group II introns. 22 We confirmed the insertion of the intron into the srtA gene by Southern blot, and the absence of SrtA expression in srtA À by western blot ( Figure S1 ). The lower band of 28 kDa became absent from srtA À cell lysate while it was present in the cell lysate from RN4220 strain.
Next, we used the knockout strain srtA À as a host to express a His6-FLAG-tagged full-length SrtA (SrtA-His6-FLAG). Plasmid pT-P-srtA-His6-F was created containing the endogenous srtA promoter, full-length srtA gene followed by a sequence of His6-FLAG epitope tag on its C-terminus. This plasmid was transformed into the srtA À cells to afford srtA À þsrtA strain. The expression of SrtA-His6-FLAG in srtA À þsrtA strain was probed using anti-FLAG antibody and SrtA monomer band with the molecular weight of 28 kDa was observed (Figure 1(a) ). Expression SrtA-His6-FLAG in srtA À þsrtA strain can also be detected with the anti-SrtA polyclonal antibody ( Figure  S1 ). These experiments indicate that the wild-type SrtA was successfully knocked out in the srtA À strain and replaced with a SrtA-His6-FLAG protein in srtA À þsrtA strain.
The expression level of SrtA-His6-FLAG is close to the level of the endogenous SrtA in RN4220 ( Figure S1 ). In this experiment, we measured the total protein concentration in the cell lysate and loaded the same amount of protein into each lane. The intensities of the SrtA protein bands from RN4220 and srtA À þsrtA were used to estimate the relative protein concentrations between the endogenous and the recombinant SrtA proteins, in this case, having the similar integral intensities (Lanes RN4220 and srtA À þsrtA, Figure S1 ). A chemical cross-linking experiment was executed to test the SrtA dimerization on the cell membrane. EDC (1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide), a compound that couples carboxylic acid groups with primary amines was used to stabilize the interacting protein oligomers. 31 The cell culture of srtA À þsrtA was briefly treated with EDC prior to harvesting, resolved on SDS-PAGE, and visualized by western blot using anti-FLAG monoclonal antibody. In addition to the 28 kDa monomer band, another strong 56 kDa band was detected, which corresponded to the size of SrtA dimer (Figure 1(a) ). In order to characterize the new 56 kDa protein resulting from EDC cross-linking, full-length SrtA-His6-FLAG, expressed and cross-linked in srtA À , was purified from S. aureus by C-terminal His6 tag, separated on SDS-PAGE and stained with Coomassie Blue (Figure 1(b) ). Two protein bands of interest with molecular weight of 28 kDa and 56 kDa were excised from the gel and subjected to in-gel trypsin digestion followed by MALDI-TOF and peptide fingerprint mapping analyses. Mass spectrometry results identified sortase A as the component of both the 28 and 56 kDa protein bands with Mascot Search scores of 607 and 357, respectively, indicating these species representing monomeric and dimeric forms of the enzyme. In the 56 kDa band, there was another protein identified as putative acetyl-CoA transferase with a molecular weight of 58 kDa. No higher molecular-weight band corresponding to the size of hetero-dimer between this protein and SrtA was observed. It is unlikely that the 56 kDa protein band is the cross-linked product between srtA and acetyl-CoA transferase. Due to the common technical challenge of purification of membrane proteins, this acetyl-CoA transferase is most likely a trace amount of contaminant that happens to comigrate with sortase A dimer in SDS-PAGE. Thus, current data suggest, with high confidence, that the 56 kDa band is the homodimer band of SrtA. Compared to Figure 1(a) , a band was detected with molecular weight of about 22 kDa, with the reduced amount of SrtA monomer (28 kDa) and SrtA dimer (56 kDa) (Figure 1(b) ). Mass spectroscopic analysis confirmed with a Mascot Search score of 557 that this additional protein band of 22 kDa is a degradation product of full-length SrtA.
Site-directed mutagenesis to disrupt SrtA dimerization on the cell membrane
Site-directed mutagenesis was applied to create a fulllength SrtA mutant incapable of forming a dimer on cell membrane. Previously, three SrtA mutants in truncated forms have been shown to exist as a monomer in vitro. 21 Each of these mutant proteins contained a single point mutation of one amino acid residue on the surface (N132A, K137A and Y143A, respectively). The mutation was also introduced on the same site in full-length SrtA-His6-FLAG to afford three SrtA mutants, N132A, K137A and Y143A. Each of these three mutants was expressed in S. aureus and the SrtA knockout strain srtA À respectively. Their cultures were treated with EDC before harvesting. Cell lysates were collected and separated on SDS-PAGE followed by Western blot (Figure 2 ). The 28 kDa SrtA monomer band was observed for all three mutant proteins and the intensity of the bands was comparable to the monomer band of the wild-type protein, confirming the same expression level between those mutant and wild-type SrtA proteins. However, the cross-linked dimer bands of 56 kDa were still observed in the cell lysates of all three SrtA mutant-expressing strains. Thus, the same singlemutations that disrupted the dimerization of SrtA catalytic domain were unable to break the dimerization of full-length SrtA expressed on S. aureus cell membrane. A full-length SrtA-His6-FLAG mutant to harbor all three mutations (N132A, K137A and Y143A) simultaneously (SrtA NKY ) was created and expressed in srtA À . This strain was also analyzed by EDC-mediated cross-linking experiment. As shown in Figure 3 , the 28 kDa SrtA monomer band of SrtA NKY was observed with similar intensity compared to the wild-type protein and other mutant proteins, indicating that the triple mutant SrtA has the similar expression level as the other SrtA proteins in S. aureus. However, here the 56 kDa dimer band was absent from this strain, clearly indicating the inability of SrtA NKY to form a dimer on the cell membrane. Thus, disruption of dimerization was achieved by replacing all three residues (N132, K137, and Y143) with alanine residues.
To assess the structural changes upon mutations, circular dichroism (CD) analyses were performed with wild-type SrtA ÁN59 and SrtA ÁN59,NKY mutant, both are the extracellular catalytic domains and much easier to purify. 13, 32 The recorded spectra in millidegrees of ellipticity (y) were converted to mean residue ellipticity [y] as indicative of changes of secondary structure in proteins. The estimated contents of secondary structure of SrtA ÁN59,NKY are derived from the Dichroweb server. 27 A NRMSD fit parameter of 0.051 was obtained for SrtA ÁN59,NKY , indicating the consistency of the calculated secondary structures and the experimental measurement. SrtA ÁN59,NKY contains 8% a-helix, 37% b-sheet, 23% b-turn, and 31% random loop, which is comparable to wild-type SrtA ÁN59 . These data suggests the global secondary structure of SrtA ÁN59,NKY remains largely unchanged after mutations, but the local structure at the dimerization interface may alter in such a way to disrupt the dimerization.
S. aureus with monomeric SrtA mutant displays more adhesive proteins on its cell surface than wild-type SrtA
We first tested whether the functional display of staphylococcal cell surface adhesins, such as surface protein A (SPA), may be affected by the oligomerization states of SrtA on the cell surface. SrtA is responsible for displaying various LPXTG motif-bearing proteins that were identified as bacterial adhesion proteins (Spa, FnBP-A, FnBP-B, ClfA, ClfB, Cna, SdrC, SdrD, SdrE) onto the surface of S. aureus. 10 Since the activity of SrtA directly controls the efficiency of anchoring these adhesion proteins, assembly of functional SPA proteins on cell surface can be quantified to measure SrtA's activity on the cell membrane. Staphylococcal cells were incubated with SPA protein's specific ligand, CY3-IgG, which is coupled with a CY-3 fluorescent dye. The binding of IgG with SPA on the bacterial surface was then quantified by the detection of cell-associated fluorescence in a flow cytometer. In this method, not only the percentage of fluorescence labeled cells can be determined, the strength of the fluorescent signal also provides the estimation of the relative average amount of SPA proteins displayed on each cell. The SPA unit was then introduced to provide the correlated total amount of SPA proteins on cell surface of different strains and used to compare the activities of SrtA on their cell surface. It is calculated by multiplying the percentage of fluorescent cells by the mean fluorescence intensity of the fluorescent population. To validate this concept, S. aureus strain RN4220 and SrtA knockout strain srtA À were both labeled with CY-3-IgG. As a result, CY3-labeled RN4220 was found in a large proportion, about 46.6% of total cells sorted, whereas only 8.3% of srtA À cells were fluorescent. Averaged from three independent repeats, the calculated SPA unit of srtA À was 3.0, while the SPA unit of RN4220 was 16.1. The difference of the total amount SPA protein on cell surface between RN4220 and srtA À resulted from the availability of active SrtA on the bacterial surface and consistent with the previous observation that SrtA plays a critical role in displaying SPA on the S. aureus cell surface. 33 Using this assay, the SPA units of S. aureus strains harboring the vector-expressed wild-type SrtA and monomeric SrtA mutant protein were measured (Figure 3 ). After the 1-h incubation with IgG-CY3, about 29.4% of srtA À þsrtA cells were fluorescent with a calculated SPA unit of around 8.6. In contrast, about 46.2% of srtA À þsrtA NKY cells were fluorescent with SPA unit of 15.2 (Figure 3 ). Both srtA À and srtA À þsrtA showed a statistically significant difference (p<0.01) in SPA display when compared to wild type RN4220 strain. Over-expression of sortase A in srtA À þsrtA affords the shifting the equilibrium towards dimerization on the cell membrane. However, the SPA level from srtA À þsrtA NKY cells is not statistically different from RN4220 strain (p value ¼ 0.81), suggesting that a monomeric form of sortase A can restore the display of SPA on the cell surface at a level comparable to the wile type S. aureus RN4220. This result demonstrated that srtA À strain harboring monomeric SrtA on its membrane (srtA À þsrtA NKY ) achieves more efficient display of cell surface protein SPA than the strain harboring expressed wild-type SrtA (srtA À þsrtA). In a size-exclusion chromatography experiment, the ratio between dimeric and monomeric SrtA in srtA À þsrtA cells has been quantified as 2.94: 1 (Supplemental Materials, additional methods and results). The significant difference in the cell surface display efficiency suggested the functional difference between dimeric SrtA and monomeric SrtA mutant on the cell membrane. S. aureus with monomeric SrtA is more invasive than S. aureus with wild-type SrtA A quantitative invasion assay was set up to detect two other cell surface proteins displayed by SrtA and evaluate the biological effects of SrtA dimerization on the cell membrane [34] [35] [36] (Figure 4(a) ). Among the various LPXTG proteins, two fibronectin-binding proteins (FnBP-A and FnBP-B) have been demonstrated to be sufficient for S. aureus to enter non-professional phagocytes in vitro, such as various epithelial and endothelial cells. [37] [38] [39] They bind and recruit the extra-cellular matrix protein fibronectin (Fn) from the host environment or media onto the bacterial surface. Cellular surface bound Fn is then recognized by the principal host cell fibronectin receptor, the integrin a 5 b 1 . The fibronectin-bridge via FnBP and integrin a 5 b 1 is the major route of S. aureus internalization. In S. aureus and various Gram-positive strains, the inactivated SrtA protein (e.g. srtA À ) would abolish the proper display of adhesion proteins and decrease the efficiency of the strain in invading mammalian cells. [4] [5] [6] 30, 40, 41 Activity of SrtA determines the efficiency of anchoring these adhesion proteins and the total number of S. aureus cells that invade the host mammalian cells. A cell-based invasion assay was set up based on this mechanism. 42 The mammalian cells were infected with fluorescein-labeled bacteria and the suspension of infected host cells was applied to flow cytometry to measure fluorescence from internalized S. aureus. Two parameters are necessary to be taken into consideration to quantify the invasion efficiency, the percentage of infected cells can be determined and the strength of the fluorescent signal that provides the estimation of the relative amount of internalized bacteria in each sample. 42 The uptake index (u.i.) was introduced and calculated by multiplying the percentage of fluorescent cells by the mean fluorescence intensity of the fluorescent population. 42 The u.i. was then used to indicate the biological activity of SrtA on the cell membrane. S. aureus strain RN4220 which contains endogenous SrtA and SrtA knockout strain srtA À were both labeled with carboxyfluoresceinsuccinimidyl ester (CFSE) and used to infect the host HEK293H cells. Internalized RN4220 was found in a large proportion, about 40% of HEK293H cells, whereas intra-cellular srtA À strain was only detected in about 8% of HEK293H cells (Figure 4(b) ). Averaged from five independent repeats, the calculated uptake index (u.i.) of srtA À is 1.5, which is about 10% of the u.i. of 14.8 calculated for RN4220. The difference of infections between RN4220 and srtA À resulted from the availability of functional FnBPs on cell surface and the abolishment of SrtA function in srtA À . This data is consistent with the previous discovery that SrtA plays a critical role in S. aureus infection and is a potential drug target. 33 It also indicates that the uptake index (u.i.) is a reliable measurement of the bacterial internalization and an applicable indicator for SrtA's activities for anchoring virulence factors on the cell membrane.
Using this assay, the uptake indexes (u.i.) of S. aureus strains harboring wild-type SrtA and monomeric SrtA mutant protein were measured ( Figure 5 ). To keep the genetic consistence among the strains, SrtA knock out strain srtA À was used as the host strain throughout the assay and served as the baseline for the uptake index measurement. After 1-h infection with the host mammalian cells, srtA À þsrtA cells were detected in about 20% of the infected mammalian cells (Figure 5(a) ), with a calculated u.i. of around 5.2 ( Figure 5(b) ). srtA À þsrtA NKY cells were detected in about 45% of the infected cells with u.i. of 14.6 ( Figure 5 (a) and (b)), which has majority of molecules in dimeric form (supplement Figure S2 and additional methods and materials). These results demonstrated that srtA À strain harboring monomeric SrtA on its membrane has higher invasion efficiency than the strain harboring wild-type SrtA, which has majority of molecules in dimeric form.
Discussion
Dimerization of truncated SrtA Á59 has been reported and studied in vitro. [18] [19] [20] [21] In this paper, we report the observation of the dimerization of the full length SrtA expressed in S. aureus. As a supporting evidence and critical reagent for the study, a SrtA mutant has also been created to exist only as monomer on the cell membrane. It is interesting to notice the difference of binding affinity of SrtA between in solution and on cell membrane. For in vitro expressed catalytic domain SrtA Á59 , mutation of any single residue of the following three amino acids N132, K137 and Y143 to alanine is able to disrupt dimerization. However, when SrtA is expressed in its full-length form on S. aureus membrane, the same single mutation of these residues fails to Figure 5 S. aureus cells with monomeric SrtA is more invasive than the cells with wild-type SrtA. (a) HEK293H cells were infected for 60 min with CFSE-labeled S. aureussrtA À , srtA À þ srtA, and srtA À þ srtA NKY respectively, suspended in fixing solution with 0.2% trypan blue and analyzed by flow cytometry. The original dot plots of a representative experiment were shown. (b) HEK293H cells were infected and analyzed as in (a). The uptake index (u.i.) was calculated. The bars represent the mean values of the u.i. for srtA À , srtA À þ srtA, and srtA À þ srtA NKY respectively as observed in five independent experiments. The average u.i. number and the standard deviation were given on top of each bar with p-value < 0.01 for srtA À , srtA À þ srtA and 0.88 for srtA À þ srtA NKY . (C) Cell lysate of srtA À , srtA À þ srtA, and srtA À þ srtA NKY were analyzed by SDS-PAGE and a western blot to quantify the expression of SrtA on cell membrane. EDC was added to stabilize the dimerization between SrtA molecules completely disrupt SrtA homo-dimer. Only SrtA NKY mutant accumulates the effects of all three mutations and significantly reduces its dimerization. Thus, the full length SrtA forms stronger dimer on the cell membrane than its truncated form SrtA Á59 in solution with the dissociation constant measured at 55 mM. 18 Several factors may contribute to the enhanced dimerization of full-length SrtA expressed on S. aureus cell membrane. The transmembrane domain of SrtA would provide additional hydrophobic interaction. It might interact with other molecules within the membrane so that the intermolecular association between SrtA molecules would be reinforced by the protein complex. This type of association for a multi-enzyme complex has been proposed and experimentally supported in the case of bacterial peptidoglycan biosynthesis holoenzyme. 43 It is also likely that that the full-length SrtA expressed in S. aureus behaves differently from that expressed in E. coli, for example, we observed that SrtA expressed in S. aureus is more unstable than that in E. coli (supplemental Figure S2) .
The similar phenomena that compared to its truncated form, full-length protein expressed on cell membrane forms stronger dimer to activate its activity has been reported other bacterial cell membrane proteins, such as Outer Membrane PhosphoLipase A (OMPLA) in Gram-negative bacteria, 44 which implies the biological importance for the dimerization of SrtA in vivo.
In order to study the roles of sortase A dimerization on S. aureus cell membrane, we assessed the biological activities of monomeric and dimeric SrtA on S. aureus cell membrane by measuring the efficiency of cell surface display of SrtA substrates, SPA and FnBPs, via an established in vitro IgG fluorescent labeling assay and a cell-based invasion assay respectively. It is important to notice that the results from these two different assays are consistent and mutually supportive. In srtA À þsrtA NKY strain, SrtA exists as a monomeric enzyme. This strain has more SrtA substrates anchored onto the cell wall (SPA unit of 15.2) and results in more efficient internalization into mammalian cells ( u.i. of 14.6), which indicates higher SrtA activity on the cell membrane. On the other hand, majority of SrtA molecules exists as dimer in srtA À þsrtA strain (supplemental Figure  S2 and additional methods and materials) and under the circumstance the enzyme becomes less active than monomeric SrtA mutant on S. aureus cell membrane, demonstrated by a SPA unit of 8.6 and a u.i. of 5.2. In both strains of srtA À þsrtA and srtA À þsrtA NKY , the expression of the srtA genes is regulated by the same endogenous srtA promoter. The protein concentrations on the cellular membrane are at the same level when detected with Western blot. SrtA ÁN59,NKY has lower substrate cleavage activity compared to wild-type SrtA ÁN59 in vitro when concentrations of both enzymes in solution are much lower than the dissociation constant K d, 55 mM (supplemental materials). Under these conditions, both SrtA ÁN59,NKY and SrtA ÁN59 exist as monomers. The exact reason for the reduction of activity of SrtA ÁN59,NKY compared to SrtA ÁN59 is not clear at this stage, but it could be the conformational change caused by the mutations. Nevertheless, this data excludes the possibility that the higher invasion efficiency of srtA À þsrtA NKY is caused by the higher enzymatic activity of SrtA NKY itself. Hence, the difference of invasion activities between these two strains is highly likely related to the difference in oligomerization state of SrtA on cell membrane. In other words, these data suggested that dimerization of SrtA between wild-type proteins greatly suppresses its enzymatic activity on cell membrane.
Conclusion
We have provided the evidence that SrtA exists in a monomer-dimer equilibrium in S. aureus. It has been shown in several different biological systems that protein dimerization is used for the efficient and accurate control of many distinct functions. 45 It confers various structural and functional advantages to proteins, such as improved stability, control over the specificity of active sites, and increased complexity. For sortase A, Suree N., et al. reported using NMR that the b6/b7 loop undergoes conformational changes from a non-productive and disordered state in apo-SrtA to a ''closed'', immobilized and productive state in substrate-bound enzyme. 47 Interestingly, their result is in agreement with our molecular dynamics simulation data of SrtA ÁN59 and SrtA ÁN59, NKY enzymes (data not shown). The triple mutations on SrtA ÁN59 induced a ''fixed'' b6/b7 loop structure (less flexible) in SrtA ÁN59,NKY monomer that is very similar to the substrate-bound induced ''closed'' b6/ b7 loop structure from Suree's publication. Thus, we propose that sortase A's enzymatic activity is regulated by monomer-dimer equilibrium on the bacterial membrane, possibly by affecting the configurations of SrtA active site. The wild type SrtA when exists as dimer on the cell membrane has a streched and disordered b6/b7 loop. Upon the binding of substrate LPXTG sequence, SrtA dimer has to dissociate and the resulting monomeric SrtA can reorganizes its b6/b7 loop to a ''closed'' and active conformation for substrate binding and catalysis, therefore affords higher in vivo activity. Our results suggest that SrtA monomer in the ''closed'' conformation is the accurate drug target to inhibit for drug discovery. 46 The monomer-dimer equilibrium and biogenesis of sortase A are possibly regulated by other components involved in SrtA pathway, given its critical role in microbial pathogenesis. Identification of these regulatory factors will provide significant academic and therapeutic interests by itself. Overall, the observations that SrtA forms dimer on cell membrane and its monomeric mutant was associated with better biological function as described here sheds light on the mechanisms of sortase A function in vivo and may inspire the development of anti-infective agents to target sortase A dimer-monomer equilibrium.
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